Abstract: This paper presents the theoretical investigation of energy levels of valence bands (VB) and core levels (CL) of the ferroelectric SbSI single crystals in antiferroelectric and ferroelectric phases. Since the best approximation for the deep VB levels is a calculation by the Hartree-Fock method, the molecular model of a SbSI crystal was used for calculations. This model of the crystal was also used for calculations of the total density of states. It was found that the VB and CL of this ferroelectric semiconductor are sensitive to the small lattice distortion at the phase transition, and that an average of the total density of states, when all atoms participate in oscillations of all normal modes, are more similar to the experimental X-ray photoelectron spectra (XPS). The experimental splitting of CL obtained by XPS was compared with the theoretically calculated one by two different methods. The cluster model calculations showed that the splitting of the CL in SbSI might be caused by photoelectron emission from the atoms, which have different valence state, at the surface.
Introduction
A great interest in the A 5 B 6 C 7 -type ferroelectrics is caused by the fact that they also possess semiconductor properties. The most outstanding representative of this class of compounds is sulfaiodide of antimony SbSI. It is characterized by a number of unique properties, for example, it has the largest piezomodulus among the compounds of its class. It is by an order more sensitive to the external pressure. SbSI is used for developing optical light modulators, piezoelements and so on. As it is known [1, 2, 3] a ferroelectric phase transition of the first kind takes place in SbSI, though it is close to the phase transition of the second kind. Moreover, it has been proved theoretically in Ref. [4] that the phase transition in SbSI is intermediate between order -disorder and displacement types. At such phase transition, the equilibrium position of atom Sb changes in accordance with the rules of order-disorder and displacement types, and that of atom S shifts by the rules of displacement. The valence bands undergo certain changes in the course of the phase transition, because the atoms Sb and S responsible for the formation of the energy gap sides are displaced. The absorption edge of SbSI in the phase transition region was studied quite thoroughly in Ref. [5] , though its relation with the energy gap variation was not disclosed. The more detailed study of the energy gap variation was analyzed on the basis of calculations using the empirical pseudo-potential method for the paraelectric and ferroelectric phase [6] . The electronic energy spectrum in range +5 to -5 eV in both phases of SbSI was calculated [7] with particular attention paid to the choice of the chemical bonding model of the crystals. We have chosen this method for our band structure investigation because it provides a rather high accuracy (0.1 meV) and high sensitivity to the positions of atoms within the lattice under study.
Lukaszewicz et al. [8] determined the crystal structure of SbSI in the temperature region at 170 -465 K. They found that there are three phases in the phase diagram of SbSI: ferroelectric phase (FEP) III (space group P na 2 1 ) below T C1 = 295 K, antiferroelectric phase (AFEP) II (P 2 1 2 1 2 1 ) in the temperature region (295 to T C2 = 410) K, and high temperature paraelectric phase (PEP) I above 410 K. AFEP is characterized by the double polar chains [(SbSI) ∞ ] 2 which are ordered antiferroelectrically: these cause a disorder in the crystal lattice. A. Audzijonis et al. [9] present the results of discussion on the origin of phase transition in SbSI crystals. Ferroelectricity and phase transition in SbSI are closely related to its electronic structure and phonon interaction. Chemical bonding and phonon-phonon interaction results in the double-well electron potential of antiferroelectric phase. Experimental investigation of X-ray absorption, fluorescence and electron emission [10, 11] corrects the energy band structure of SbS x Se 1−x I (x=0.25; 0.5; 1), SbSBr. To explain it we need a more precise calculation of the contribution of separate atoms to the total density of states. The authors [12, 13] had measured X-ray photoelectron emission spectra (XPS) of the SbSI crystals of valence bands (VB) and core levels (CL). XPS results showed the splitting of the CL [12] . However, they have not explained theoretically the XPS spectra of the VB. Very short two molecule clusters have been used to investigate the splitting of CL. Therefore the authors did not relate the splitting of CL to ionic charges of the atoms at the edge of the cluster.
Since the best approximation for the deep VB levels is a calculation by the HartreeFock method, for our calculation we used a molecular model of the SbSI crystal. Thus, the tasks of our work are: (1) Choice of such a molecular cluster for calculations such that the atoms at the edge of cluster have the lowest influence on the atoms inside the cluster. The number of the molecules in cluster should be such that, with an increase in the number of molecules in the cluster, the structure of VB does not change. (Section 2 and 3). (2) Calculation of the electronic structure of the VB, ionic charges, and interatomic bond order along the cluster (Section 2 and 3). 2 Ab initio calculation of the bond order, the charge of atoms and energy levels
The method of calculation is based on the UHF method in the MOLCAO approximation. Molecular orbital (MO) ( ϕ i ) can be expanded in the atomic orbital (AO) χ µ ( r) basis set
There µ is the number of AO. The matrix C is obtained by solving the Hartree-Fock matrix equation
The roots of this secular equation are the molecular energies Ei of electrons.
Where F is the Fockian matrix and S-the matrix of overlap integrals
The coefficients Ciµ allowed us to find the density matrix of the electron distribution:
where N is the number of electrons, and the sum is over all occupied MO. We can find the bond order between the A and B atoms,
and the charge of atoms,
The calculations were performed by the GAMESS program [14] . Atomic coordinates have been used from the work of Lukaszewicz et al. [8] .
3 Model of SbSI crystal structure and calculated energies of valence bands
The paraelectric structure (T > T C2 = 410 K) of SbSI consists of chains of atoms that belong to a paraelectric space group Pnam. They form square-pyramidal S 3 I 2 groups with the Sb ion in the center of the pyramid base. All atoms lie on mirror -planes normal to the c-axis (Fig. 1 ). On passage into the AFEP, (T C2 > T > T C1 = 295 K) and FEP, (T < T C1 ) the position parameters normal to the c-axis are substantially unchanged. In AFEP (T = 300 K) the displacements of equilibrium position occur for all Sb3 atoms along the caxis z 0 = 0, 02⊕ and for all Sb4 atoms-(z 0 = −0, 02⊕) [8] . In FEP (T < T C1 ) all Sb and S atoms move along the c-axis with respect to the I sites, leading to removal of the mirror-plane symmetry. In FEP (T = 215 K) the displacements of equilibrium position take place for all Sb atoms along the c-axis z 0 = 0, 2⊕.
The theoretical ab initio calculation of energy levels was performed using the molecular cluster model of one SbSI crystal chain (Fig. 1) . The interaction between the chains (clusters) is assumed to be weak. Based on this analysis, the cluster of twenty SbSI molecules, as a molecular model of the crystal, has been taken for the energy level calculations. As seen from Fig. 2 , energy levels only slightly change with the increase of the cluster. It means that the model of even twenty SbSI molecules is appropriate to describe qualitatively the electronic spectrum of the crystal.
VB splits under the influence of the phase transition. Fig. 3 shows that the energy of some levels increases, and of others decreases. The shift of the energy levels with the temperature indicates changes of the chemical environment of the Sb, S, and I atoms, and redistribution of the atomic charge due to the chemical bonding.
For this reason we have calculated the bond orders between the atoms Sb3-S4, Sb4-S3, Sb3-I1, and Sb4-I2 along a cluster in AFEP and FEP (Fig. 4, 5) . When the phase transition takes place, bond orders change. As a consequence VB experiences the broadening of some energy levels and the narrowing of others. While the temperature decreases further in the FEP, Sb and S atoms change their positions relative to I atoms, and VB becomes broader.
In Grigas et al. [13] , the authors present the X-ray photoelectron spectra (XPS) of the VB and CL of the SbSI single crystals. The XPS are measured in the energy range 0-1400 eV and the temperature range 130-330 K. They compared experimentally obtained energies of CL with the results of theoretical ab initio calculations. However, the experimentally obtained energies of the VB were not compared with the results of theoretical ab initio calculations. In our work (Fig. 6) we have calculated the theoretical density of states of VB of Sb, S, and I atoms and the total of molecular cluster in AFEP-(T = 300 K) and FEP (T = 215 K).
The density of states is
Where ∆N is the number of states in the energy interval ∆E (eV). The dimension of g is (eV −1 ). In Fig. 7 the experimental results of XPS VB spectra of SbSI crystals are compared with the theoretically calculated total density of states of a molecular cluster that consists of 20 SbSI molecules in AFEP-(T = 300 K) and FEP (T = 215 K). As seen from Fig. 6 and 7 the experimental and theoretical results in AFEP and FEP are in good agreement in the energy range of 6-17 eV. In the range of 17-22 eV there is a great difference between experimental and theoretical results.
The Fig. 7a and 7b peaks, which are visible in the theoretical spectrum, have no distinct shape in the XPS (at T = 300 K). This difference is explicable because the theoretical calculation does not take into account vibrational displacements of atoms. Fig. 7c shows the theoretical spectrum of density of states depending on the motion of atoms. For this purpose, elastic constants for a SbSI molecular cluster are calculated. Normal coordinates were calculated using elastic constants taken from the middle of the cluster and diagonalising the dynamical matrix obtained for the motion of the atoms in the unit cell containing two SbSI molecules [15] . Total densities of states were calculated using normal coordinates instead of coordinates of atoms in their equilibrium position. Average total density of states is as follows:
where n is the number of normal modes (n = 15). Average densities of states shown in Fig. 7c are more similar to the experimental XPS spectrum than those from Fig. 7b .
Comparison of Fig. 6 and Fig. 7 shows the contribution of atomic states to the total density of states.
Theoretical investigation of core-level splitting in antiferroelectric and ferroelectric phases
Grigas, Talik, and Audzijonis [12] revealed a new phenomenon -splitting of the core levels of SbSI crystals. This is the first observation of the splitting of XPS in ferroelectric crystals. The mechanisms of the XPS splitting in SbSI crystals were discussed by Grigas et al. [13] . After the breaking of the crystals under high vacuum conditions some bonds of atoms (see Fig. 1 (b) ) at a surface become open. The valence state of these atoms at the surface becomes different from the rest of the atoms. The authors calculated the energy of the CL when (i) bands at the surface are open, and (ii) bands are saturated with an H-atom. In the first (i) case, they have binding energies of the surface atoms, while in the second (ii) case the binding energies correspond to bulk conditions. The difference between the calculated binding energy on the surface and in the rest of the atoms nearly corresponds to the experimentally observed splitting. The way to determine the CL splitting energy, however, creates a large bias, because the state of the atom with the H atoms attached to its edge is not equal to the state of the same atom when it is inside of the cluster. We have determined that the miscalculation of CL splitting energy depends on the number of molecules inside the cluster. As a result we give a new way to determine CL splitting energy that is more precise and does not require H atoms to be attached to the edges of the cluster. Using the UHF method, we calculated the energy of CL and ionic charges of atoms Sb and S using the SbSI molecular cluster model. The calculated ionic charges of atoms Sb and S along a molecular cluster of twenty SbSI molecules are presented in Fig. 8 . As seen from Fig. 8 a and 8b the ionic charges at the edges of the SbSI cluster in AFEP are very different from those in the bulk of the sample. Also the differences of charges ∆q I between Sb3 and Sb4 and between S3 and S4 have become great at the edges of cluster. These differences of Sb3 and Sb4 are equal at both edges in AFEP and unequal in FEP.
The difference of charge ∆q I at the edges of a cluster creates the binding energy difference (∆E clust = E max − E min ) between atoms Sb3 and Sb4, S3 and S4, and I1 and I2 (Table 1) . Furthermore, the differences (∆E clust = E max − E min ) at both edges of the cluster are equal in AFEP and unequal in FEP.
In order to explain the splitting of the CL we have calculated the eigenvalues of isolated neutral Sb, S, and I atoms and isolated Sb +1 , Sb +2 , Sb +3 , S −1 , S −2 , and I −1 ions by the Hartree-Fock method using the N21 orbital basis set ( Table 2) .
As seen from states of S and S −1 is ∆E=11 eV. As follows from the Table 2 ∆E is proportional to ion charges ∆q I . The ion charges at the edge of the SbSI cluster are different between two Sb4 (and between two Sb3) by ∆q I = 0.23 a.u. and by ∆q I = 0.18 a. u. between two S4 (and between two S3) (Figure 8 ). Therefore the energy difference ∆E * clust of the 3d state between two Sb atoms and of the 2p state between two S atoms at the edges of an SbSI cluster can be estimated:
where ∆E is the difference between energies and q I is the difference between ionic charges of isolated atoms (Table 2) .
Discussion
The proportion between ∆E * clust and ∆q I according to eq. (7) allows us to explain the splitting ∆E exp . of CL in XPS. So in AFEP XPS along the c-axis ∆E * clust and ∆q I are equal at both edges of the cluster (Fig. 8a, b) . However, in FEP their values are different. At phase transition ∆E * clust changes differently at the left and right edges of the cluster (Fig. 8c, d ). Thus at the left edge ∆E * clust (AFEP) > ∆E * clust (FEP) and at the right edge ∆E * clust (AFEP) < ∆E * clust (FEP). On the other hand, ∆E * clust is in good agreement with the difference ∆E clust = E max − E min of the same CL energies of atoms at the edges of the cluster. For example, from Table 1 we get ∆E clust =1.93 eV between 3d of Sb3 and Sb4, 2.77 eV between 3d of I1 and I2, and 1.88 eV between 3d of S3 and S4 in AFEP (Table 3) .
atoms and ions with surface atoms of (eV) (from Table 1 Table 3 The calculated splitting of the deep CL ∆E * clust and ∆E clust in SbSI cluster and experimentally observed ∆E exp of XPS levels in SbSI crystal.
As seen from Table 3 the calculated splitting of the deep CL ∆E * clust and ∆E clust in a SbSI cluster is in good agreement with the experimentally observed ∆E exp . of XPS levels in a SbSI crystal.
Thus, we can conclude that not only ∆q I and ∆E clust but also the splitting of CL in a SbSI crystal are sensitive to the displacements of equilibrium position z 0 (depending on the change of temperature). As a consequence a calculation of CL splitting is a good instrument to determine the temperature T C of the phase transition in compounds of SbSI, and SbSBr, SbSe x S 1−x I, SbO x S 1−x I, SbSBr x I 1−x , Bi x Sb 1−x SI.
The similar CL splitting of the surface atoms we found theoretically may be observed experimentally in XPS in all SbSI type crystals (SbSeI, SbSeBr, SbSBr, BiSI, BiSeI, BiSBr, BiSeBr, etc.).
Conclusions
The eigenvalues of the VB and CL of the semiconductor ferroelectric SbSI cluster are studied in the energy range 0 to 1400 eV in AFE (T = 300 K) and FE (T = 215 K) phases. A molecular model of the crystals is also used for theoretical calculations of the bond orders and ionic charges. We found that the VB and CL of this semiconductor ferroelectric are sensitive to the small lattice distortions and changes of the chemical environment at the phase transition. A theoretically obtained total density of states of the cluster is compared with experimentally observed XPS spectra of theVB of SbSI crystals in AFEP and FEP. We found that average total densities of states of a molecular cluster when all atoms participate in oscillations of all normal modes are more similar to the experimental XPS spectrum.
The cluster model calculations have shown that the splitting of the CL in SbSI may be caused by the photoelectron emission from the atoms at the surface that is in different valance states (with different ion charges). We found that similar splitting of the CL may be observed in all SbSI type crystals.
